The surface pressure versus molecular area isotherms of some carotenoids : β, ECH), β, CAN) and 4,4'-diapo-ψ,ψ-carotene-4,4'-dial (APO), spread at the air/water interface, are reported. A van der Waals type state equation is used to describe the high molecular area portions of the compression isotherms and interaction parameters within monolayers are derived. Quantum chemical semi-empirical SCF MO calculations (AM1 and PM3) are performed for the optimized geometries of molecules and dipole moments are calculated. Similar theoretical magnitudes are obtained by both methods. Surface properties, like collapse pressure, surface compressional modulus and interaction parameters are discussed in terms of dipole-dipole interactions, and correlations with the calculated quantities for the carotenoid molecules are analyzed. The orientation of the different carotenoid molecules in the monolayer is discussed.
Introduction
The first order role of carotenoids as important biological active molecules is well known for processes such as cellular differentiation, growth control, photooxidative protection, cell membrane stability, photosynthesis, vision process and nutrition [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Carotenoids and their metabolites may influence or modulate the properties of cellular and subcellular structures [1] [2] [3] [4] [5] [6] . In addition to their role as precursors of vitamin A, carotenoids are important as antioxidants [7, 11] in the prevention of atherosclerosis, and in the prevention of age-related macular degeneration. Also possible applications of carotenoids in the therapy of light-sensitive diseases, coronary heart disease [12, 13] , HIV infections [14] and even cancer [15, 16] are suggested by recent investigations, thus making correlation studies of molecular structures and functions of carotenoids in biological systems a "hot" field for further research.
Biological activity of carotenoids in living organisms is clearly determined by the physical, chemical and biophysical properties of their molecules [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , particularly by their surface properties in oriented thin interfacial layers [1-6, 17, 18] . Each of these properties and particularly the surface activity is determined on its part by the molecular structure and geometry of the molecules, their interactions and assemblies [2-6, 8-10, 17-19] . Of particular interest is the interaction of carotenoid films with electrolytes at the air/water interface and their surface complexes with transition metal salts were evidenced [20] [21] [22] [23] . A quantum chemical semi-empirical approach to the aggregation of flexible molecules, like normal fatty alcohols [24] [25] [26] and fluoroalkanols [27] , at the air/water interface revealed the PM3 method to be the most suitable.
The present paper describes some monolayer properties of three carotenoid pigments, namely β,β-carotene-4-one (echinenone, ECH), β,β-carotene-4,4'-dione (canthaxanthin, CAN) and 4,4'-diapo-ψ,ψ-carotene-4,4'-dial (also called 4,4'-diapolycopenedial, APO), experimentally determined at the air/water interface. An attempt is also made to find correlations between the monolayer properties of the three carotenoids (rigid molecules) spread in monolayers at the air/water interface and their molecular structure, as resulted from semi-empirical SCF MO calculations (AM1 and PM3).
Experimental part
The three natural carotenoid pigments (ECH, CAN and APO) used in our investigation were supplied by Hoffmann-La Roche and present all-trans configuration. The molecular structures and formulae of the studied carotenoids are given in Fig. 1 . The high purity of these pigments was verified during the measurements by means of thin layer chromatography and UV-VIZ spectrophotometry. No degradation of the carotenoids was observed, neither in the basic solutions nor in the monolayers. The spreading solvent for every carotenoid compound was benzene pro-analysis or a mixture of benzene and 2-4% absolute ethanol. The spreading solvents of high purity were purchased from Merck.
Known amounts of these compounds dissolved in the spreading solvents were placed Each isotherm given in this paper represents the mean of at least 10 different recordings.
Computational part
Previously, we applied simple HMO calculations to the delocalized π-electron system of the three molecules [17, 18] in two approximations [28] : the standard treatment with coulombian parameters, h from eq. 1a: h = 0 for all the C-atoms and h = 1 for the oxygen ones, and another treatment, which differentiates between C atoms by considering inductive parameters, so that C-atoms bonded to CH 3 groups are given the value h = -0.5 and C-atoms bonded to C atoms of the ionone ring, not included in the conjugated systems, have h = -0.3. All the resonance parameters, k from eq.1b, were taken as 1.
where α i are the coulombian integrals and β ij represent the resonance integrals. From the resulting π-electron densities and bond orders, an estimation of the dipole moments of the different bonds was performed, based on some reasonable assumptions. While for CC bonds only π dipole moments were considered, for CO bonds a σ component was also included. Semi-empirical formulae were deduced in order to calculate μ CO and μ CC in terms of the π-electron charge differences Δq rs and bond orders p rs .
These dipole moments of the individual bonds were than vectorially composed (see Fig. 2 for the composition of the dipole moments of the first three bonds), starting with the CO bond, presumed to be directly anchored to the aqueous subphase and presuming all the bond angles in the conjugated system to be 120
• (trigonal hybridization for all the C and O atoms) [4, [29] [30] [31] . The bonds have been taken in account progressively, up to the middle of the molecular chain (12 bonds). For comparison with experimental quantities, the dipole moments of the CO bond and of the first 3 and 12 bonds were considered, as characteristics of the polar headgroup of the molecules. For all molecules a vertical orientation in the compressed monolayer was assumed, with the C=O bond in ECH and CAN parallel to the water surface, and in APO with an angle of 60
• to this interface [31] . For canthaxanthin and echinenone, the part of the molecule immersed in the water phase was estimated to be 0.7 nm, from the total length of the hydrated molecule axis of about 3.0 nm [17, 18, 31] , while for APO it would represent about 0.3 nm from the length of 3.2 nm.
Since for the interactions of the molecules with the aqueous phase the horizontal component of the dipole moment should play the main role, the total dipole moment of a molecule μ t was decomposed into a horizontal component μ h , parallel to the interface and a vertical one μ v perpendicular to the interface (Fig. 2) .
Here some more sophisticated MO calculations were performed, regarding σ and π electrons as well, on the same three carotenoids (ECH, CAN and APO) in their alltrans forms. Computations were made at the restricted Hartree-Fock (RHF) level using two semi-empirical SCF MO methods: Austin Model 1, AM1 [32] and the Parametric Model number 3, PM3 [33] , by means of HyperChem 7.5 software package [34] . The two methods are based on the Neglect of Differential Diatomic Overlap (NDDO) integral approximation, and differ by their parameterization. The computation options were: total charge: 0; spin multiplicity: 1 (singlet); state: lowest. The geometries of the molecules were optimized by the Polak-Ribiere (conjugate gradient) algorithm approach. The SCF convergence limit was of 0.042 kJ/mol, and RMS gradient was of 4.18 · 10 9 kJ/(m·mol).
For this optimized geometry, energetical parameters (total electronic energies, enthalpies of formation), electron distributions (charge densities and bond orders) and geometrical parameters (bond lengths, bond angles, torsion angles) were obtained. The total dipole moments (μ t ) and their components (μ x , μ y , μ z ) were also calculated. The first inertial axis is roughly going along the conjugated chain of the molecules, while the second axis is perpendicular to it in the molecular plane.
Following the previous HMO calculations [17] , we calculated also the dipole moments for the half-molecules containing the C=O group (including 12 bonds of the conjugated system) and for the molecular fragments obtained by consecutive detachment of the last atom of the conjugated chain (together with the H atoms or CH 3 groups connected to it), until only 3 bonds of this system remained. The free valences resulting upon fragmentation were saturated with H-atoms. The MO calculation was performed on these fragments, maintaining the geometry of the whole molecule unchanged. The results obtained by the two semi-empirical SCF-MO methods are in relatively good agreement (lower values for the PM3 method); for 31 calculated values of dipole moments for the different molecular fragments, there is a linear correlation between PM3 and AM1 quantities with the regression line:
where r is the correlation coefficient, p is the probability (that r = 0) and N represents the number of date points.
The horizontal and vertical components of the dipole moment were calculated from the dipole moment components (μ x , μ y , μ z ) and/or from the assumed angle between the dipole moment vector and the vertical to the substrate (water) plane. As in the earlier treatment [17] , for ECH and CAN the C=O bond was considered parallel to the water surface and for APO at an angle of 60
• to this interface, corresponding to a vertical orientation of the conjugated chain.
Results and discussion
Compression isotherms, in terms of surface pressure (π, mN/m) versus mean molecular area (A, nm 2 ) curves are recorded for three carotenoids, viz. β,β-carotene-4-one (ECH), β,β-carotene-4,4'-dione (CAN) and 4,4'-diapo-ψ,ψ-carotene-4,4'-dial (APO), spread at the air/water interface. These compression isotherms of the three carotenoids are presented in Fig. 3 . At high molecular area, the compression isotherms can be described by means of a van der Waals type state equation:
where α and A 0 are empirical parameters to be derived from the experimental curves, α being a measure of the intermolecular attraction and A 0 the co-area. These parameters have been derived from the experimental π-A pairs, obtained at low π values (up to about 15 mN/m). They are presented in Table 1 , together with surface characteristics derived from the high π portion of the compression isotherms, viz. the collapse pressure (π c ) and surface compressional modulus (C −1 s ), defined as :
where A 0 stands for the limiting molecular area (see Fig. 3 ) obtained by extrapolating to π = 0, the high pressure linear portion of the compression isotherm, having the slope ( ∂π/∂A) T . From these compression isotherms, the surface characteristics were determined, namely π c , C −1 s , A 0 and the α value, given in Table 1 . In order to correlate surface properties (e.g., π c, α and C
−1
s values) with the electronic structure of the studied molecules, attempts to interpret these results in terms of a HMO treatment were made [17, 18] . In spite of the rather unsophisticated character of this approach, some interesting correlations could be established between the HMO calculated components of the dipole moments and experimental quantities.
The horizontal component of the dipole moment for the first three bonds of the conjugated system μ h3 i.e. the dipole moment of the head group decreases in the order ECH > CAN > APO, like the experimental determined α and C On the other hand, the horizontal component of the dipole moments, calculated for 12 bonds of the conjugated system was correlated with π c , the collapse pressure, giving also an almost constant ratio π c /μ h12 for ECH and CAN.
We concluded that HMO calculated electron charge distributions could be used to explain the regularities observed with respect to the collapse pressures, surface compressional moduli and van der Waals interaction parameters of the carotenoid pigments under consideration, spread on the air/water interface [17, 18] .
In the present study we used semi-empirical MO calculations to verify the correlations of this type between the molecular structures and monolayers properties.
In Fig. 4 the optimized geometries, as resulted from the PM3 calculations are visualized in the plane of the first two inertial axes.
As expected, for the symmetrical molecules CAN and APO, the calculated total dipole moment is very low, near zero, while for ECH the computations give 12.5·10 −30 C·m (AM1), respectively 11.5·10 −30 C·m (PM3).
The dipole moment of the C=O group was estimated from the calculated electronic charge on the oxygen atom and the calculated C=O bond length. The values for ECH and CAN are quite similar, slightly higher for ECH in the AM1 method, and for CAN in the PM3 one, and so are the α/μ ratios. The μ-value for APO is lower, and in order to obtain a similar α/μ ratio as for the other two molecules, an angle of the C=O bond to the aqueous surface of about 40
• should be considered. As for the C
s /μ ratio, the value would be nearly constant for the three molecules if an angle of about 50
• were considered for APO. These calculated values for the dipole moments are lower than those estimated by the HMO calculation [17, 18] . This was to be expected, since it is a well-known feature of HMO calculations to overestimate electronic charges on atoms. The results of the SCF MO calculations are given in Table 2 for the systems containing the first 3 and 12 conjugated bonds, starting with the C=O group. Table 2 Calculated total dipole moments for the first n bonds considered (μ t ), their horizontal (μ h ) and vertical (μ v ) components and correlations with surface characteristics. The variation of the horizontal component of the dipole moments μ h with the size of the considered system is exemplified in Fig. 5 for the PM3 calculation. While for ECH and CAN the horizontal component is by far the most important, in APO the vertical one is prevalent. The variation of the horizontal component with the number of conjugated bonds, n, is irregular; while for the vertical component μ v an overall increasing trend with the growth of n is observed (Fig. 6 for PM3 calculation) . The order of the calculated values for μ h3 of the headgroup (n = 3) is ECH > CAN > APO, and this order is generally maintained also for other lengths of the chain, the differences between ECH and CAN being small. We find therefore the same parallelism between these values and the experimental α and C −1 s values ( Table 2 ). The ratios α/μ h3 are similar for ECH and CAN and so are also the C −1 s /μ h3 ratios. Moreover, this similarity is also true for other sizes of the molecular fragment, e.g. for μ h12 or μ h1 , values written within parentheses in Table 2 . The values for APO are different, due to the very small values of μ h (Fig. 5) , if the molecule is considered to have a "vertical" position (the C=O bond at 60
• from the interface). As mentioned above for the CO group, α/μ h and
s /μ h values similar to those for ECH and CAN could be obtained, if we consider the APO molecule to deviate from the vertical, i.e. to be inclined in order to decrease the angle of the C=O bond to the air/water interface. This orientation would allow for an increased horizontal component of the dipole moment and for an increased interaction with the water molecules. The angle should be about 40
• for the α/μ h1 ratio to be of the same order of magnitude as the respective ratios for the other two molecules (ECH and CAN), and even smaller in order to obtain similar values for the α/μ h3 ratios.
Conclusion
The semi-empirical SCF-MO calculations for the three molecules show the same general trends as evidenced in the earlier HMO calculations. This proves that regularities found there are not artefacts due to the calculation method. They reflect real correlations between calculated structure characteristics of the molecules and the thermodynamic properties of their surface layers at the air/water interface. The AM1 and PM3 calculations gave quite similar results in all the calculations. The dipole moments of the polar headgroups of the molecules were correlated with surface thermodynamic properties: interaction parameters, collapse pressure, and surface compressional modulus. For the ECH and CAN, in agreement with experimental data, the molecular orientation in the compressed monolayer is considered perpendicular on the air/water interface and the resulting monolayer is quite rigid. Contrarily, for APO molecules, without β-ionone rings at their longitudinal axes extremities, the orientation degree is different and its surface compressibility is higher. Therefore, the presence of the β-ionone rings carrying the C=O group immersed in the water phase leads to increasing values of the compressional modulus for the ECH and CAN monolayers and consequently to a decreasing surface compressibility.
In future studies, we will extend this quantum chemical semi-empirical approach to various carotenoids and couple the theoretical results with surface pressure and surface potential measurements of these bio compounds spread in monolayers at the air/water interface.
